The phagocytic engulfment of invading microorganisms and foreign material by macrophages and other leukocytes is a key component of innate immunity. This process begins with binding of the receptor to intrinsic components of the particle or to immunoglobulin G (IgG) or complement opsonins on the particle surface. Occupied phagocytic receptors then trigger a series of complex intracellular signaling events to orchestrate efficient particle internalization 1,2 . Although the details of this process vary depending on the substrate being internalized and the receptors involved, one common feature is the clustering of occupied receptors to enhance substrate-binding avidity in the phagosome 3,4 . Many steps in phagosome formation and maturation involve ionic flux across the plasma or phagosomal membrane 2, [5] [6] [7] . Although some of the ion channels involved in these events have been identified, much remains to be learned about which particular channels accomplish which specific functions in this process.
The phagocytic engulfment of invading microorganisms and foreign material by macrophages and other leukocytes is a key component of innate immunity. This process begins with binding of the receptor to intrinsic components of the particle or to immunoglobulin G (IgG) or complement opsonins on the particle surface. Occupied phagocytic receptors then trigger a series of complex intracellular signaling events to orchestrate efficient particle internalization 1, 2 . Although the details of this process vary depending on the substrate being internalized and the receptors involved, one common feature is the clustering of occupied receptors to enhance substrate-binding avidity in the phagosome 3, 4 . Many steps in phagosome formation and maturation involve ionic flux across the plasma or phagosomal membrane 2, [5] [6] [7] . Although some of the ion channels involved in these events have been identified, much remains to be learned about which particular channels accomplish which specific functions in this process.
TRPV2 (A000811) is a nonselective cation channel expressed in macrophages, sensory neurons and many other cell types that can be activated by diverse stimuli, including noxious heat, cannabinoids and phosphatidylinositol-3-OH kinase (PI(3)K) signaling [8] [9] [10] [11] [12] . Published studies have reported impairments in elicited cell migration, as well as alterations in Ca 2+ influx elicited by formyl peptides or lysophospholipids, after knockdown of TRPV2 by small interfering RNA in TtT/M87 mouse macrophage-derived cells or PC3 human prostate cancer-derived cells 13, 14 . Still, very little is known about the biological functions of this channel in macrophages or elsewhere. Here we demonstrate that TRPV2 is a key participant in the earliest steps of macrophage phagocytosis. Macrophages in which this channel was genetically eliminated or pharmacologically blocked were deficient in binding and internalization of a wide range of phagocytic substrates.
Consistent with those findings, TRPV2-null mice showed accelerated mortality after challenge with pathogenic Listeria monocytogenes.
RESULTS

TRPV2 expression and Ca 2+ influx responses in macrophages
To examine TRPV2 function in macrophages, we compared macrophages from wild-type and TRPV2-deficient mice in which Trpv2 was globally disrupted (U.P., N. Vastani, Y. Guan, S.N. Raja, M. Koltzenburg and M.J.C., unpublished data). We found similar numbers of resident macrophages, as well as monocytes, neutrophils and lymphocytes, in peritoneal lavage fluid from wild-type and TRPV2-deficient mice ( Supplementary Fig. 1a,b) . We observed TRPV2 immunoreactivity in cultured, adherent wild-type peritoneal macrophages, in apparently intracellular loci, as well as on the leading edge of polarized cells, but this was absent from TRPV2-deficient macrophages (Fig. 1a) . We confirmed TRPV2 expression in wildtype but not TRPV2-deficient macrophages by immunoblot analysis (Fig. 1b) . We noted no difference between genotypes in morphology or in F4/80 or F-actin staining ( Fig. 1a and Supplementary Fig. 1c) . We also saw TRPV2 immunoreactivity in liver Kupffer cells, skin epidermal Langerhans cells and lung alveolar macrophages in wild-type mice but not in TRPV2-deficient mice (Fig. 1c-e) . These findings support the notion that TRPV2 is found in many resident macrophage populations.
Consistent with the expression of TRPV2 in these cells, ratiometric imaging with the calcium indicator Fura-2 showed a biphasic increase in intracellular Ca 2+ in wild-type peritoneal macrophages stimulated with the TRPV2 agonist ∆ 9 -tetrahydrocannabinol 11 (THC) at a concentration of 50 µM (Fig. 2a) . Although wild-type and TRPV2-deficient macrophages had similar basal Fura-2 ratios and cells of both genotypes often showed the first transient Ca 2+ response, only wild-type cells showed the larger, sustained response. Accordingly, maximal Ca 2+ changes from baseline over the entire recording period were much smaller in TRPV2-deficient cells. Unlike THC, ATP (100 µM; Fig. 2b ) and formyl peptide (20 µM; data not shown) elicited similar Ca 2+ responses in wild-type and TRPV2-deficient macrophages. Ruthenium red (10 µM), an antagonist of TRPV2 and several other TRP channels 15 , diminished the THC-elicited Ca 2+ responses in wild-type macrophages to near the responses of TRPV2-deficient macrophages but had no effect in TRPV2-deficient cells (Fig. 2c) . THC-elicited Ca 2+ increases were almost completely ablated in the absence of extracellular Ca 2+ , which indicated that TRPV2 mediates a THC-elicited Ca 2+ influx. AM251 (100 nM) and JTE 907 (100 nM), selective antagonists of the G protein-coupled THC receptors CB1 and CB2, respectively, diminished the residual THC-elicited Ca 2+ response in TRPV2-deficient cells by 58% but diminished the wildtype response by only 25%. These findings demonstrate that TRPV2 mediates the THC-elicited Ca 2+ influx and that the action of THC on TRPV2 is probably direct, rather than being via CB1 or CB2. Data are representative of two experiments (mean and s.e.m. of cells counted in five fields at the bottom surface of the filter; n = 3 pair of mice for fetal calf serum (FCS) and n = 4 pair of mice for monocyte chemoattractant protein 1 (MCP1) and colony-stimulating factor 1 (CSF1)). (e) Release of tumor necrosis factor (TNF) from wild-type and TRPV2-deficient macrophages after stimulation with vehicle (far left; 0.02% dimethyl sulfoxide) or LPS (100 or 500 ng/ml) or interferon-γ priming, followed by LPS (100 ng/ml). Data are from one experiment (mean and s.e.m. of four mice per genotype assayed in triplicate). *P < 0.05, **P < 0.01, ***P < 0.001 and † P < 0.0001 (unpaired Student's t-test).
A r t i c l e s
Motility and cytokine release in TRPV2-deficient cells Knockdown of TRPV2 by small interfering RNA in TtT/M87 or PC3 cells diminishes chemoattractant-elicited cell motility 13, 14 . We observed a similar phenotype in primary TRPV2-deficient macrophages (Fig. 2d) . In a filter-migration assay, TRPV2-deficient macrophages showed less elicited migration toward 10% fetal calf serum, colony-stimulating factor 1 or monocyte chemoattractant protein 1. We also observed a small but significant deficit with 0.1% fetal calf serum on both sides of the filter. In contrast, there were no differences between wild-type and TRPV2-deficient macrophages in the release of tumor necrosis factor elicited by lipopolysaccharide, with or without interferon-γ priming (Fig. 2e) . Thus, TRPV2 contributes to cell motility in macrophages but is not required for the lipopolysaccharideelicited release of tumor necrosis factor.
Impaired phagocytosis in TRPV2-deficient macrophages
We next addressed the potential involvement of TRPV2 in the more specialized macrophage function of phagocytosis (Fig. 3) . Within 5 min of exposure to IgG-coated latex beads (2 µm in diameter), adherent wild-type macrophages showed substantial phagocytosis, with most cells having engulfed over six beads (Fig. 3a,b) . We confirmed bead internalization by resistance to proteolytic removal (Supplementary Fig. 2 ). In contrast, TRPV2-deficient macrophages showed much less phagocytosis. At 5 min, more than half of the TRPV2-deficient cells remained devoid of beads (Fig. 3a,b) . This resulted in a phagocytic index that was 82.6% lower in TRPV2-deficient macrophages (Fig. 3d) . We obtained similar results with bone marrowderived macrophages (BMMs; Supplementary Fig. 3 ). We also measured macrophage binding of IgG-coated beads in the presence of cytochalasin D (10 µM), which blocks internalization by depolymerizing actin. After 5 min of incubation, ~90% of wild-type cells were associated with one or more beads (Fig. 3c) , and these could be efficiently removed by proteolysis (Supplementary Fig. 2 ). In contrast, >60% of TRPV2-deficient macrophages had no bound beads at this time point (Fig. 3c) , and the overall distribution was again shifted toward lower numbers. This was reflected in a binding index that was 76.5% lower in TRPV2-deficient cells (Fig. 3e) . Ruthenium red (10 µM) inhibited both binding and phagocytosis of IgG-coated beads in wild-type cells. Binding by wild-type cells was also diminished by 2-trifluoromethylphenyl imidazole, an antagonist of both TRPV2 and store-operated Ca 2+ channels 16 (binding indices: wild-type, 0.43 ± 0.02; wild-type plus 2-trifluoromethylphenyl imidazole, 0.11 ± 0.01; n = 3; P < 0.0001). TRPV2-deficient macrophages and ruthenium redpretreated wild-type macrophages were also deficient in phagocytosis and binding of zymosan particles and complement-coated latex beads (Fig. 3d,e) . These findings support the idea of an immediate requirement for TRPV2 in the binding of diverse phagocytic substrates.
PI(3)K-dependent TRPV2 recruitment to phagosomes
At baseline, under serum-free conditions, TRPV2 was diffusely expressed in a punctate pattern throughout the macrophage (Fig. 4a) . Within 5 min of the addition of IgG-coated latex beads, TRPV2 became enriched around early phagosomes. TRPV2 also became enriched around phagosomes under binding conditions (that is, 5 min in the presence of 10 µM cytochalasin D). The application of bovine serum albumin-coated beads for 5 min did not result in bead binding or elicit changes in the subcellular localization of TRPV2 (data not shown), which excluded the possibility that the mechanical stimulation the bead may have elicited could have been the cause of TRPV2 recruitment. In many cell types, TRPV2 is recruited to the plasma membrane in response to PI(3)K activation 9, 13, 14 . As this enzyme is activated during the binding of IgG, complement or zymosan to their respective phagocytic receptors [17] [18] [19] , and as it regulates early phagosome formation 20 , we examined the potential involvement of PI (3) binding of wild-type cells to IgG-coated beads to an index near that of TRPV2-deficient cells (control wild-type, 0.43 ± 0.02; wild-type plus wortmannin, 0.13 ± 0.01 (P < 0.0001, versus control wild-type); TRPV2-deficient, 0.11 ± 0.01 (P < 0.0001, versus control wild-type)). The recruitment of TRPV2 to phagosomes was also inhibited by the Src family kinase inhibitor PP2 (1 µM), kinase Akt inhibitor X (10 µM), the general protein kinase C (PKC) inhibitor calphostin C (500 nM) and a PKC-ζ-selective pseudosubstrate inhibitor (40 µM; Fig. 4b ). In contrast, neither the phospholipase C (PLC) inhibitor U73122 (10 µM) nor the Syk kinase inhibitor piceatannol (20 µM) affected the recruitment of TRPV2, although all inhibitors decreased the number of beads phagocytosed at 5 min (data not shown). Thus, TRPV2 is recruited to nascent phagosomes during early phagocytosis by a pathway involving Src kinase, PI(3)K, Akt and PKC-ζ signaling.
TRPV2 regulates FcγR clustering
Flow cytometry showed that the broad binding and phagocytosis deficits in TRPV2-deficient macrophages were not attributable to differences in the functional surface expression of the main Fcγ receptor (FcγR) or CR3 receptor subtypes 21, 22 (Supplementary Fig. 5 ). An alternative way by which TRPV2 could reinforce the binding of phagocytic substrates to macrophages would be by regulating the substrate-elicited clustering and thus the avidity of phagocytic receptors. We therefore examined the relationship between TRPV2 and FcγR clustering during exposure of macrophage to IgG. TRPV2 and FcγR showed non-overlapping punctate distributions in untreated macrophages (Fig. 4c) . Binding of the IgG immune complex for 5 min at 4 °C (to prevent internalization without the use of cytochalasin D) resulted in the development of large clusters of Fcγ receptors across the surface of the cell that were localized together with TRPV2. In contrast, monomeric IgG failed to stimulate either FcγR clustering or colocalization of TRPV2 and FcγR. Immune complex-stimulated FcγR clustering was much lower in TRPV2-deficient macrophages. Staining after 5 min of binding of IgG-coated beads (Fig. 4c) or IgG-coated zymosan particles (data not shown) in wild-type macrophages showed phagosomal colocalization of FcγR and TRPV2. The few beads that were bound to TRPV2-deficient macrophages also showed enrichment for FcγR. Thus, TRPV2 is required for efficient FcγR clustering and becomes localized together with FcγR during exposure to multimeric IgG but not during exposure to monomeric IgG.
Role of TRPV2-mediated depolarization in phagocytosis
Published studies have reported changes in macrophage intracellular Ca 2+ (ref. 23 ) and membrane potential 6,24-26 during phagocytosis. As a nonselective cation channel 8 , TRPV2 might regulate receptor clustering and substrate binding by either or both mechanism(s). We therefore assayed changes in membrane potential during engagement of phagocytic receptors with the potentiometric fluorescent dye FLIPR Blue, whose fluorescence increases at depolarized potentials. Exposure of wild-type macrophages to immune complexes elicited a slow increase in fluorescence, indicative of membrane depolarization, that was often punctuated by step rises and reached a plateau within ~12 min (Fig. 5a) . TRPV2-deficient macrophages had a baseline fluorescence similar to that of wild-type cells but showed a much smaller depolarization after immune-complex challenge. Wortmannin or ruthenium red diminished the wild-type depolarization response to an amplitude similar to that in TRPV2-deficient macrophages, consistent with an immediate role for PI(3)K-recruited TRPV2 in this response. We observed similar patterns of robust depolarization in wild-type macrophages and less depolarization in TRPV2-deficient macrophages with uncoated, IgG-coated and complement-coated zymosan particles (Fig. 5b) . Removal of extracellular Ca 2+ , coupled with the chelation of intracellular Ca 2+ , resulted in slightly more binding of IgG-coated beads or zymosan particles to wild-type macrophages (Fig. 5c) . Thus, Ca 2+ does not seem necessary for these early binding events, consistent with published findings 23 . Replacement of extracellular Na + with the larger and generally less permeable cation N-methyl-d-glucamine (NMDG) resulted in significantly less A r t i c l e s zymosan-elicited depolarization (Fig. 5d) , less macrophage binding to either zymosan particles or IgG-coated beads (Fig. 5e) and less immune complex-elicited FcγR clustering in wild-type macrophages (presented below), which highlights the importance of depolarization in these early steps of phagocytosis.
Artificial depolarization evoked by KCl augments the binding of fibronectin-coated particles and apoptotic cells to macrophages 25 . We therefore assessed the effect of this intervention on our cells. Buffer supplementation with 50 mM KCl evoked a similar amount of depolarization in wild-type and TRPV2-deficient macrophages (Fig. 5a ), but supplementation with NaCl did not (data not shown). KCl also reverted the binding and phagocytosis indices in TRPV2-deficient or ruthenium red-treated wild-type macrophages to those of wild-type control macrophages for all substrates tested (Fig. 3a-e) and restored the immune complex-elicited formation of large FcγR clusters in TRPV2-deficient macrophages (Fig. 5f) . Notably, the combination of KCl and monomeric IgG was sufficient to trigger FcγR clustering in wild-type and TRPV2-deficient macrophages and to trigger the recruitment of TRPV2 to these clusters in wild-type macrophages (Fig. 6a) . These findings confirm the idea that the requirement for TRPV2 in phagocytic receptor clustering, binding and phagocytosis derives from its depolarization of the plasma membrane. They also suggest that membrane depolarization can overcome the requirement for multimeric occupancy to achieve FcγR clustering.
FcγR clustering via phospholipid-dependent actin changes
IgG-binding defects in macrophages deficient in phosphatidylinositol-4-phosphate-5-kinase-γ, which synthesize insufficient phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ) during phagocytosis, are restored by low (but not high) doses of the actin polymerization inhibitor latrunculin B, which suggests that FcγR clustering requires PtdIns(4,5)P 2 -mediated partial actin depolymerization 27 . To determine whether abnormalities in the same pathway could account for the TRPV2-deficient phenotype, we used rhodamine-phalloidin to quantify F-actin before and after immune complex stimulation ( Fig. 6b and Supplementary Fig. 6 ). For this experiment we used BMMs because of their more uniform morphology, relative to that of peritoneal macrophages. Although the basal amount of F-actin was similar in wild-type and TRPV2-deficient BMMs, immune complex stimulation elicited a greater decrease in F-actin content in wildtype BMMs than in TRPV2-deficient BMMs. The addition of KCl to TRPV2-deficient cells restored the extent of actin depolymerization to that in wild-type cells. In fact, KCl alone was sufficient to elicit a degree of actin depolymerization in TRPV2-deficient cells similar to that in immune complex-treated wild-type cells. As KCl also 'rescues' the TRPV2-deficient defect in binding IgG, we sought to determine whether partially depolymerizing actin by a different means would have the same effect. Indeed, at a low dose (50 nM), latrunculin A or cytochalasin D fully 'rescued' the TRPV2-deficient macrophage defect in binding IgG-coated beads. Conversely, higher doses that interfered more profoundly with the actin cytoskeleton (Fig. 6c) failed to 'rescue' the TRPV2-deficient macrophage defect and actually resulted in less binding to wild-type peritoneal macrophages, assayed at 4 °C. Whereas a low dose of cytochalasin D alone failed to elicit either FcγR clustering or colocalization of TRPV2 with FcγR, the combination of pretreatment with 50 nM cytochalasin D and monomeric IgG triggered both events (Fig. 6a) . Cytochalasin D (50 nM) also restored immune complex-elicited and monomeric IgG-elicited clustering of FcγR in TRPV2-deficient peritoneal macrophages (data not shown). The substitution of extracellular Na + with NMDG, to inhibit depolarization, prevented immune complex-elicited clustering of FcγR (Figs. 4c  and 6a) , as expected, but did not prohibit either the localization of TRPV2 together with FcγR or FcγR clustering elicited by a combination of immune complex and cytochalasin D (Fig. 6a) . These findings suggest that actin depolymerization is the relevant downstream outcome of TRPV2-mediated depolarization during phagocytosis.
To determine whether TRPV2-mediated depolarization alters actin dynamics through effects on the amount of PtdIns(4,5)P 2 , we measured the incorporation of 32 P into total phosphatidylinositol bisphosphate (PtdInsP 2 ) during stimulation with immune complex (Fig. 6d) or KCl (Fig. 6e) . We used BMMs in these experiments because of the greater yield of macrophages from each mouse. Untreated wild-type and TRPV2-deficient BMM had similar basal amounts of 32 P-labeled PtdInsP 2 (Fig. 6d) . Stimulation with immune complex elicited a 3,300% increase in 32 P-labeled PtdInsP 2 in wild-type macrophages within 2 min. In contrast, the increase in 32 P-labeled PtdInsP 2 was only 650% in TRPV2-deficient macrophages. When we added KCl (50 mM) to TRPV2-deficient macrophages, in the absence of immune complex, 32 P-labeled PtdInsP 2 increased to an amount statistically indistinguishable from that of immune complex-stimulated wildtype cells. This demonstrates that depolarization, whether through immune complex or KCl, directly affects phospholipid metabolism. Given that labeling of PtdInsP 2 increased after KCl stimulation, we reasoned that depolarization may act at or upstream of PtdIns(4,5)P 2 biosynthetic enzymes. Type II phosphatidylinositol-4-OH kinase (PI(4)K) is essential for the synthesis of PtdIns(4,5)P 2 and regulation of actin on phagosomal membranes during latex bead phagocytosis 28 . Consistent with our prediction, pretreatment of TRPV2-deficient macrophages with the type II PI(4)K inhibitor adenosine (300 µM; Fig. 6e ) inhibited the KCl-elicited increase in 32 P incorporation. We next examined KCl-triggered actin depolymerization in the presence or absence of 10 µM U73122 (to block hydrolysis of PtdIns(4,5)P 2 by PLC), 100 nM wortmannin (to block PI(3)K), 300 µM adenosine (to block PI(4)K) or 10 µM 3M3FBS (to activate PLC and thus diminish the amount of PtdIns(4,5)P 2 ; Fig. 6f ). Neither U73122 nor wortmannin affected the F-actin content of untreated or KCl-stimulated cells. In contrast, adenosine and 3M3FBS both slightly increased basal F-actin and abolished KCl-mediated actin depolymerization. These data indicate that depolarization mediated by FcγR-dependent activation of TRPV2 or by exogenous KCl alters the clustering of occupied FcγR by stimulating the synthesis of PtdInsP 2 and consequent partial actin depolymerization.
Susceptibility of TRPV2-deficient mice to bacteria
To explore the pathological importance of our findings, we examined macrophage responses to the pathogenic bacterium L. monocytogenes 
-test).
A r t i c l e s in the presence and absence of TRPV2. We collected peritoneal lavage cells from wild-type and TRPV2-deficient mice, immediately incubated the cells with live, complement-opsonized L. monocytogenes, and assayed bacterial internalization after 10 or 100 min. Wild-type macrophages showed an uptake of L. monocytogenes that increased linearly with time (Fig. 7a) . In contrast, the uptake of L. monocytogenes by TRPV2-deficient macrophages was significantly less, such that at 100 min, 92.4% fewer bacteria were isolated from these cells than from wild-type cells (P < 0.001 (two-way analysis of variance with Bonferroni post-test); n = 5 mice per genotype). Finally, we sought to determine whether the absence of TRPV2 would impair the host response to infection with L. monocytogenes in vivo. Wildtype mice challenged intraperitoneally with a lethal bacterial dose (4.5 × 10 6 per mouse) showed a median survival of 7 d (Fig. 7b) .
In contrast, TRPV2-deficient mice died significantly sooner (median survival, 3 d (P < 0.0001 (log-rank test)); n = 8 mice per genotype).
To determine whether this effect was due to impaired bacterial clearance in the TRPV2-deficient mice or to an exceptionally deleterious host response, we measured bacterial load in the liver and spleen 2 d after infection with a lower bacterial dose (5 × 10 5 per mouse). Under these conditions, TRPV2-deficient mice had a bacterial load ~6,000% that of wild-type mice in both organs (Fig. 7c) , consistent with the idea of suppressed bacterial clearance by macrophages and consequent accumulation in parenchymal cells. Thus, host defense against pathogenic L. monocytogenes is substantially compromised by the absence of TRPV2.
DISCUSSION
Our findings have shown that TRPV2 participates in the very earliest steps of macrophage phagocytosis. In the specific case of FcγR-mediated phagocytosis, TRPV2 channels were recruited to the nascent phagosome in response to initial FcγR engagement by IgG and mediated membrane depolarization. This depolarization triggered the synthesis of PtdInsP 2 and the consequent actin depolymerization required for efficient higher-order clustering of occupied FcγR. In the absence of such clustering, binding and subsequent phagocytosis of IgG-coated particles were impaired. The molecular mediators of macrophage depolarization evoked by phagocytic substrates have remained unclear. FcγR-evoked depolarization in J774 mouse macrophage-derived cells has been shown to result mainly from the influx of Na + via a pathway selective for small monovalent cations. Similar depolarization responses have been observed in phospholipid vesicles reconstituted with purified FcγR, which has prompted the suggestion that the receptor itself forms the channel 26 . Other studies have reported that in response to immune complexes or prolonged artificial depolarization, macrophages show a relatively nonselective cationic current 6, 24 . Similar currents have been seen in response to reactive oxygen species or ADP-ribose, which has led to speculation that the depolarization-evoked current might be mediated by TRPM2. However, the substantial NMDG permeability of the current is not characteristic of TRPM2 (ref. 24) and, in related microglia, depolarization-evoked currents pharmacologically resemble TRPV1 (ref. 29) . Also potentially involved in these responses is the potassium channel molecule ERG, whose inhibition potentiates macrophage depolarization 25 . We do not yet understand the relationship between the depolarization responses mediated by TRPV2 and those reported in these other studies. However, the finding that KCl treatment 'rescued' the depolarization, binding and phagocytosis defects in TRPV2 deficient macrophages suggests that other ion channels can circumvent the requirement for TRPV2, if properly engaged.
Although artificial membrane depolarization facilitates phagocytic receptor binding 25 , the underlying mechanism is not clear. We found that depolarization achieved via TRPV2 or KCl increased PtdInsP 2 synthesis, apparently by directly or indirectly activating PI(4)K. The polyamine spermine also activates PI(4)K 30 ; thus, potentiation of this enzyme by membrane depolarization might be attributable to local surface charge effects at the inner plasma membrane leaflet 20 . Depolarization-elicited synthesis of PtdInsP 2 could be inhibited by adenosine, which is more potent for type II PI(4)K than for type III subtypes and has been shown to block latex bead-elicited phagosomal synthesis of PtdIns(4,5)P 2 in J774 cells 28 . However, we cannot exclude the possibility of involvement of other PI(4)K isoforms in this process. PtdIns(4,5)P 2 promotes controlled actin depolymerization during phagocytosis 27 . Our data indicate that this effect on actin was the means by which depolarization promoted FcγR clustering. Similar effects of TRPV2-mediated depolarization on the cytoskeleton might underlie the defects in chemoattractant-elicited motility observed in the absence of TRPV2 (refs. 13,14) .
Normally, higher-order FcγR clustering depends not only on controlled actin dynamics 27 but also on oligomeric occupancy of neighboring FcγRs 21 . Consistent with that, monomeric IgG, KCl and low doses of actin-depolymerizing agents alone were not sufficient to trigger FcγR clustering or the localization of TRPV2 together with FcγR in our experiments. However, when monomeric IgG was combined with either of the other two stimuli, both clustering and colocalization proceeded normally. This suggests that initial FcγR oligomerization was not essential for subsequent clustering, provided that partial actin depolymerization was achieved in another way. Yet TRPV2 recruitment, which was required for normal IgG-elicited actin depolymerization in the absence of an exogenous depolarizing stimulus, seemed to require oligomeric FcγR occupancy. We have also shown that recruitment of TRPV2 to the nascent phagosome required Src family kinase signaling, as well as signaling through PI(3)K, Akt and PKC-ζ. Although the exact sequence must be established, Src family kinase activation is one of the earliest events in FcγR signaling, and it triggers PI(3)K activation 21 , whereas Akt is generally recruited by PI(3)K-synthesized phosphatidylinositol-3,4,5-trisphosphate. PKC-ζ, which is also required for phosphatidylinositol-3,4,5-trisphosphate-dependent translocation of the glucose transporter Glut4 in adipocytes 31 , probably acts downstream of Akt.
In our experiments, we measured clustering of the low-affinity FcγRs (FcγRII and FcγRIII). These are the isotypes thought to be responsible mainly for FcγR-mediated phagocytosis of IgG-opsonized substrates 32 . Another isotype, FcγRI, can bind monomeric IgG2a with high affinity but is typically saturated under physiological conditions. As our experiments use mixed-isotype IgG, further work is needed to discern any contributions of FcγRI to the clustering we observed.
We cannot exclude the possibility of additional roles for TRPV2 in phagocytosis beyond substrate binding. A proteomics study has detected TRPV2 in early endosomal fractions purified from BMMs and J774 cells 33 . Another group has identified a Ca 2+ current in artificially enlarged early endosomes in HEK293 human embryonic kidneyderived cells that share biophysical features with TRPV2, leading to the speculation that TRPV2 or a similar channel facilitates early endosome fusion and maturation 34 . Studies to evaluate later functions for TRPV2 in phagocytosis are therefore warranted.
The other main finding of our study was that mice lacking TRPV2 were profoundly defective in defense against infection with L. monocytogenes and showed both impaired bacterial clearance and accelerated mortality. These results, which might be attributable to both the phagocytosis and motility defects observed in TRPV2-deficient macrophages, support the idea of a critical role for this channel in early innate immunity to L. monocytogenes and perhaps other intracellular pathogens. The greater organ bacterial load in L. monocytogenes-infected TRPV2-deficient mice also suggests that one or more of the multiple pathways by which L. monocytogenes enters nonphagocytic parenchymal cells 35 are TRPV2 independent. Together these findings make TRPV2 a potential target for the treatment of microbial infection and other inflammatory and immune conditions that involve macrophages.
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